As crude oil price reach a new high, the need for developing alternate fuels has become acute. Alternate fuels should be economically attractive in order to compete with currently used fossil fuels. In this work, biodiesel (ethyl ester) was prepared from waste cooking oil collected from a local restaurant in Halifax, Nova Scotia, Canada. Ethyl alcohol with sodium hydroxide as a catalyst was used for the transesterification process. The fatty acid composition of the final biodiesel esters was determined by gas chromatography. The biodiesel was characterized by its physical and fuel properties including density, viscosity, acid value, flash point, cloud point, pour point, cetane index, water and sediment content, total and free glycerin content, diglycerides and monoglycerides, phosphorus content and sulfur content according to ASTM standards. The viscosity of the biodiesel ethyl ester was found to be 5.03 mm 2 /sec at 40 o C. The viscosity of waste cooking oil measured in room temperature (at 21° C) was 72 mm 2 /sec. From the tests, the flash point was found to be 164 o C, the phosphorous content was 2 ppm, those of calcium and magnesium were 1 ppm combined, water and sediment was 0 %, sulfur content was 2 ppm, total acid number was 0.29 mgKOH/g, cetane index was 61, cloud point was -1 o C and pour point was -16 o C. Production of biodiesel from waste cooking oils for diesel substitute is particularly important because of the decreasing trend of economical oil reserves, environmental problems caused due to fossil fuel use and the high price of petroleum products in the international market.
Introduction
Increasing uncertainty about global energy production and supply, environmental concerns due to the use of fossil fuels, and the high price of petroleum products are the major reasons to search for alternatives to petrodiesel. Lean [1] claimed that the global supply of oil and natural gas from the conventional sources is unlikely to meet the growth in energy demand over the next 25 years. In this perspective, considerable attention has been given towards the production of biodiesel as a diesel substitute. Moreover, biodiesel fuel has become more attractive because of its environmental benefits [2] , due to the fact that plants and vegetable oils and animal fats are renewable biomass sources. Biodiesel represents a largely closed carbon dioxide cycle (approximately 78%), as it is derived from renewable biomass sources. Compared to petroleum diesel, biodiesel has lower emission of pollutants, it is biodegradable and enhances the engine lubricity [3] and contributes to sustainability [3, 4] . Biodiesel has a higher cetane number than diesel fuel, no aromatics, no sulfur, and contains 10-11% oxygen by weight [5] .
Use of neat (unprocessed) vegetable oils in the compression ignition engines is reported to cause several problems due to its high viscosity [6] . Biodiesel which is accepted as an attractive alternative fuel, is prepared by transesterification of vegetable oils and animal fats with an alcohol in presence of a catalyst. However, the land use for production of edible oil for biodiesel feedstock competes with the use of land for food production. Moreover, the price of edible plant and vegetable oils is usually higher than petrodiesel. The use of waste cooking oil as biodiesel feedstock reduces the cost of biodiesel production [5] since the feedstock costs constitutes approximately 70-95% of the overall cost of biodiesel production [7] . Hence, the use of waste cooking oils and non-edible oils should be given higher priority over the edible oils as biodiesel feedstock.
Potential of waste cooking oil as a feedstock for biodiesel source
Huge quantities of waste cooking oils and animal fats are available throughout the world, especially in the developed countries. Management of such oils and fats pose a significant challenge because of their disposal problems and possible contamination of the water and land resources. Even though some of this waste cooking oil is used for soap production, a major part of it is discharged into the environment. The Energy Information Administration in the United States estimated that some 100 million gallons of waste cooking oil is produced per day in USA, where the average per capita waste cooking oil was reported to be 9 pounds [8] . The per capita waste cooking oil production in Canada may be somewhat similar to that of the United States, hence for this study, it is assumed that the per capita waste cooking oil production to be 9 pounds per year. Statistics Canada [9] estimated the total population of Canada to be 33 million. Hence, the total waste cooking oil produced in Canada could be approximately 135,000 tons/year. In the EU countries, the total waste cooking oil production was approximately 700,000-1,000,000 tons/yr [10] . The UK produces over 200,000 tons of waste cooking oil per year [11] . As large amounts of waste cooking oils are illegally dumped into rivers and landfills, causing environmental pollution [12] , the use of waste cooking oil to produce biodiesel as petrodiesel substitute offers significant advantages because of the reduction in environmental pollution.
Diesel fuel consumption significantly contributes to the formation of greenhouse gases (GHG) and other global pollutant emissions. Klass [13] pointed out that petroleum diesel is also the major source for the emission of NOx, SOx, CO, particulate matter and volatile organic compounds (VOCs). Emission of such pollutants not only has negative impacts to the global environment but also severe impacts in human health due to their persistence in the environment.
It is reported that Canada alone utilizes approximately 23 million tons of diesel annually and 46% of this is utilized in the transportation sector [10] . The global consumption of diesel fuel per year is approximately 934 million tons per year and the United States alone consumes 178 million tons of diesel fuel annually [14] . If Canada plans a 5% mix in the total diesel consumption as a renewable portfolio standard (RPS) requirement, which is, approximately 1.15 million tons per year, a substantial portion of this requirement can be replaced by using biodiesel produced from waste cooking oil. The use of waste cooking oil as a biodiesel source has a potential to reduce CO 2 , particulate matter and other greenhouse gases as the carbon contained in biomass-derived fuel is largely biogenic and renewable.
Waste cooking oil, which is otherwise wasted, is one of the most economical choices to produce biodiesel. Since one of the major concerns on biodiesel production is the price of feedstock, utilization of waste cooking oil significantly enhances the economic viability of biodiesel production.
Results and Discussion

Glycerin Separation and Biodiesel Washing
Washing of final ester products is a very important activity during biodiesel processing. The ester was washed several times through the distilled water creating fine mist from the top through a spray. Kemp [15] reported that fine mist washing which makes less agitation resulting in less soap formation. Washing can improved by using hot wash water of 50-60 o C [16] .
Conversion Efficiency and Effect of Catalyst Content
The conversion of waste cooking oil to ester was monitored and samples were taken every 5 minutes for 20 minutes, when it was considered that the reaction was completed. The ester conversion was obtained from the Iatroscan analysis. Duplicate samples were taken and the average result was plotted ( Figure 1 ). Conversion did not improve even after continuing the reaction after 20 minutes. The average overall conversion achieved was 94.5%.
Issariyakul et al. [17] obtained an ethyl ester conversion of waste cooking oil up to 97%. The oil contained approximately 5-6% weight of free fatty acid. The authors carried out two stage acid and alkali catalyzed transesterification. Leung and Gau [18] reported that the conversion of waste cooking oil using sodium hydroxide catalysts was approximately 86%. The physical and chemical properties of the oil feedstocks used by Leung and Gau [18] are shown in Table 1 . Zheng et al. [19] showed that methyl ester conversion of waste cooking oil in acid catalyzed transesterifications can reach up to 99%. This process was carried out using a very high methanol to oil ratio of 250:1.
Transesterification was carried out using 0.4%, 0.6%, 0.8%, 1.0% and 1.2% of catalyst concentration. With 0.4 % of catalyst concentration, no reaction was observed as there was no separated layer of ester and glycerin. With the catalyst concentration of 0.6%, 0.8% and 1.0%, ester yield were approximately 50%, 94% and 40%, respectively ( Figure 2 ). It was observed that the ester yield decreased with the increase in sodium hydroxide concentration. With 1.2% catalyst concentration, a complete soap formation was observed. This is because the higher amount of catalyst caused soap formation [20] . The rise in soap formation made the ester dissolve into the glycerol layer. Triplicate samples were used and the maximum standard deviation from the mean was found to be approximately 4%. 
Fatty Acid Content Analysis
Fatty acid contents are the major indicators of the properties of biodiesel. Duplicate samples were used to determine the fatty acid content of the biodiesel product. Table 2 shows the summary of fatty acid content in the waste cooking oil. From Gas Chromatography analysis, it was found that the biodiesel derived from the sample of waste cooking oil contains oleic acid (59.7%) followed by linoleic acid (19.31%), linolenic acid (6.82%), palmitic acid (5.18%), stearic acid (2.1%), ecosenoic acid (1.21%) and rest the others (4.36%). Biodiesel from the sampled waste cooking oil contained the highest amount of oleic acid among other fatty acids in the product and that reported by Issariyakul et al. [17] .
In waste cooking oil biodiesel, approximately 60% of the fatty acids were found to be monounsaturated (C18:1). Poly-unsaturated fatty acids were found to be approximately 26% (C18:2, C18:3). Only approximately 8% fatty acids were saturated. Palmitic acid and stearic acid were the major saturated fatty acids found in our waste cooking oil ethyl ester. Over 4% of the products were unidentified. These values were found from the GC analysis. The amount and type of fatty acid content in the biodiesel are the major factors that determine the viscosity of biodiesel. The qualitative and quantitative analyses of fatty acid content are comparable with the study reported by Issariyakul et al. [17] for waste cooking oils. The amount of oleic acid content in biodiesel from waste cooking oil is comparable with the amount of oleic acid content in peanut oil (53-71%) as summarized by Allen [21] . Fatty acid chains, particularly, the saturated fatty acid chains, play an important role in determining the cold flow properties of biodiesel fuel. Hilber et al. [22] derived a relationship between the cold flow properties of biodiesel and saturated fatty acid chain content as shown in Figure 3 . From the figure, it is seen that, as the content of the saturated fatty acids increases, the cold filter plugging point (CFPP) of biodiesel occurs at higher temperature. The CFPP of animal fats occurs between approximately between 12 o C to -1 o C [22] . If the biodiesel is derived from rapeseed oil, the CFPP is approximately between -7 o C to -12 o C [22] . Similarly, the CFPP of waste cooking oil which has an average of 10% saturated fatty acid content, is somewhere between the CFPP of rapeseed and beef tallow. In the present experiment, the saturated fatty acid content of waste cooking oil was approximately 8% that corresponds to the CFPP value of approximately -10 o C. Hence, from the CFPP perspective, waste cooking oil which has less saturated fatty acids performs better than animal fats or other oils with higher amount of saturated fatty acid chains.
Viscosity and density of waste cooking oil and biodiesel
High viscosity is the major problem preventing the use of vegetable oils and animal fats directly in diesel engines. The viscosity of the waste cooking oil was determined by using a falling ball viscometer. Triplicate samples were used for the experiments. It was observed that the average viscosity of canola oil sample was measured to be 70 mm 2 /sec at 21°C. The viscosity of biodiesel ethyl ester measured at 40 o C was found to be 5.03 mm 2 /sec which was in the range recommended by ASTM. The ASTM standard for biodiesel viscosity is 1.9-6.0 mm 2 /sec at 40 o C.
The density of waste cooking oil measured at 21 o C was 90 g/cm 3 . The density of biodiesel at 15 o C was found to be 87 g/cm 3 . Tate et al. [23] reported that density is a function of temperature and decreased linearly for canola methyl esters, soy methyl esters, and fish oil ethyl esters by 1.23 kg/m Figure 3 . Relation between saturated fatty acid chain in biodiesel and its CFPP value [22] .
Separations of biodiesel and glycerin
After completion of transesterification, the reaction mixtures were allowed to cool down. After the mixture was cooled down, crude biodiesel and glycerin phases could be seen clearly. This phase separation was seen within few minutes. However, the crude biodiesel was cloudy and opaque. The clear separation was observed after 12-24 hours of settling.
Fuel Characterization
The sample was tested to determine the fuel characteristics according to ASTM Biodiesel Fuel Quality Assurance Standard Test. Table 3 shows the summary of test method used, the standard limit as recommended by ASTM and the test results.
Monoglyceride, triglycerides and triglyceride content
ASTM does not have a standard limit for triglyceride, diglyceride and monoglyceride content in the final product. However, European biodiesel standard (EN14214) recommends that the triglyceride, diglyceride and monoglyceride content should not exceed 0.8, 0.2 and 0.2, respectively. The experimental results were found to be within the limits of the European Standard. The flashpoint was found to be significantly higher than the minimum standard value. 
Total Acid number
The ASTM standard for total acid number (TAN) for pure biodiesel is 0.8 mgKOH/g. The TAN or acid value is the total amount of potassium hydroxide necessary to neutralize the free acids in biodiesel sample. Lang et al. [24] reported that the acid values of the ethyl esters of linseed oil, canola oil, sunflower oil and rapeseed oil were 0.884, 0.869, 0.876 and 0.873 mgKOH/g, respectively. The test result for the TAN for waste cooking oil ethyl ester was found to be 0.29. This can further be improved by controlling the transesterification, cleaning and drying processes. High TAN or acid values on the feedstock indicates unrefined or poorly refined product oil source due to poor process control, such as ethanol carryover. Higher acid number could also cause degradation of rubber parts in older engines resulting in filter clogging. The total acid number can also be determined by titration.
Cloud point and pour point
The cloud and pour point are also the important properties of biodiesel fuel. Cloud point is the temperature at which a cloud of wax crystals first appear in the oil when it is cooled. The pour point is the lowest temperature at which the oil sample can still be moved. These properties are related to the use of biodiesel in the cold temperature. The cloud point of ethyl ester produced from waste cooking oil was found to be - [25] argued that the cloud points were affected by the presence of monoglycerides, however, the pour points were not affected. Moreover, the cis double bond present in the erucic acid of rapeseed oil hampered the lowering of the pour point of esters. The type of fatty acid branched chain available in the original oil has an impact on the pour point.
Cetane number
Cetane numbers are the indicators of ignition properties of the diesel fuel. The higher the cetane number, the more efficient the ignition is. Because of the higher oxygen content, biodiesel has a higher cetane number compared to petroleum diesel.
Cetane number of the diesel fuel is the indicator of the ignition quality. The cetane index of waste cooking oil from experiment was found to be 61. Hilber et al. [22] reported the cetane number of methyl esters of rapeseed oil, soybean oil, palm oil, lard and beef tallow to be 58, 53, 65, 65 and 75 respectively. Among these biodiesel feedstocks, beef tallow has the highest cetane number. The higher cetane number indicates the higher engine performance of beef tallow compared to other fuels, resulting in lower emission of all pollutants other than oxides of nitrogen (NOx). As beef tallow has the higher amount of saturated fatty acids, the increase in the saturated fatty acids content positively enhanced the cetane number of biodiesel. The oxidative stability of biodiesel fuels also increases due to the presence of higher amount of saturated fatty acids. However, the drawback of higher amount of saturated fatty acid content in biodiesel fuel is that the cold filter plugging point occurs at a higher temperature.
Water and sediment
In this experiment, it was found that there was no water and sediment content in the sample. A rotary evaporator was used to drive off the water and any remaining alcohol. The complete removal of water and unreacted alcohol was determined when the constant weight was achieved during the rotary evaporation. The ASTM standard limit for water and sediment was is 0.05% by volume of the sample.
Total and free glycerin, sodium and potassium and simulated distillation
Out of 18 fuel properties tested, four of them slightly exceeded the ASTM standard limit. It was found that free glycerin, total glycerin, sodium and potassium and simulated distillation for 90% recovery did not meet the requirement. The major reasons for this could be due to insufficient washing and improper separation of biodiesel and glycerin phase. The pH of the sample was measured and found to be 9.6, which indicates the presence of catalyst residue in the sample. The remaining catalysts could be completely removed by using hot distilled water wash [17] . Kemp [15] recommended that higher quality and speedy washing can be achieved by employing hot wash water at temperatures between 50-60 o C. Moreover, increasing the number of washes is necessary to remove all catalyst until the pH of the biodiesel is 7.0. The pH was lowered down to 7 by increasing the number of washes. Higher number of washes could also help to reduce the amount of free glycerin in the samples. Issariyakul et al. [17] reported that the glycerin phase in the case of waste cooking oil is difficult to separate only by gravity. Hence, they suggested that total and free glycerin can be completely removed by adding pure glycerin so that all the glycerin settles down with pure glycerin. The distillation test result (Table 2) could have been affected due to the presence of total and free glycerin. Glycerin has the higher density necessitating the higher temperature for the distillation of biodiesel sample. By improving the ester purification, the simulated distillation may also meet the ASTM standard. Overhead and maintenance 4%
Oil feed 70.6%
Economics of Biodiesel from Waste Cooking Oil
The economics of biodiesel production have taken a new turn with the current surge in crude oil price in the world market. BBC [26] recently reported that the crude oil price set a fresh new record level at $109 per barrel. The diesel price in the US is close to $4 per gallon [27] . As the oil prices increase in the international market, biodiesel could become a more viable alternate energy source. Kemp [15] reported the distribution of biodiesel production costs as shown in Figure 4 . Oil feedstock cost is the major cost of biodiesel production accounting over 70 % of the total costs. Hence, if the waste vegetable oil is used as biodiesel feedstock, the economics of biodiesel can be significantly improved. Moreover, the use of waste cooking oil also reduces the waste treatment costs. In many parts of the world, there are no legislations that ban the disposal of waste cooking oil into the drainage system. Disposal of waste cooking oil into the drains creates several operation and maintenance problems. The disposed oil can solidify thereby blocking the drainage systems and also pollutes sewage and waterways [28] . The cost of sewage treatment with high lipid content could be high. The restaurants, at the same time, do not need to spend money to transport the waste cooking oil to discharge into specific locations. The municipalities involved in the sewage treatment could spend less money for sewage treatment if the lipid content in the sewage is low. Hence, recycling of waste cooking oil to produce biodiesel will increase the cost of waste treatment.
Conclusions
The ethyl ester was prepared from waste cooking oil sample collected from a local restaurant in Halifax. The fatty acid composition of final biodiesel esters was determined by gas chromatography and found that the waste cooking oil contains mainly oleic acid in the final products. This is because the original oil used was found to be canola oil. The biodiesel was characterized for its physical and fuel properties using ASTM standard methods for biodiesel fuel quality assurance. From the tests, the flash point was found to be 164 o C, the phosphorous was 2 ppm, calcium and magnesium was 1 ppm together, water and sediment was 0%, sulfur content was 2 ppm, total acid number was 0.29 mgKOH/g, viscosity at 40 o C was 5.02 mm 2 /sec, cetane index was 61, cloud point was -1 o C and pour point was -16 o C. Out of 18 properties tested, 14 of them met the ASTM criteria for fuel standard. The reasons why the tests failed have been explained and measures are suggested to improve the overall process to produce biodiesel of ASTM fuel quality standard. Production of biodiesel from waste cooking oils for diesel substitute is particularly important because of the decreasing trend of economical extracted oil reserves and the environmental problems caused due to the use of fossil fuel. Waste cooking oil can be an important source for biodiesel production in Canada as there is large quantity of waste cooking oil available. Use of waste cooking oil helps improve the biodiesel economics.
Materials and Methods
It is recognized that the production of waste cooking oil will be the function of the frying temperature and length of use as well as the material used for frying. In this experiment, waste cooking oil was collected from a local restaurant (Tajmahal Restaurant) in Halifax, which serves fast food as well as continental foods. The oil used for cooking was pure canola oil. The used oil sample was taken from the fryer which is used for frying potatoes and other vegetables based food items. Four litters of oil samples were collected from a collecting drum in which the waste cooking oil was dumped once in every two days for approximately 2-3 weeks. The oil sample is assumed to be representative as it is collected from the oil stored for 2-3 weeks from several batches of waste oil. The temperature observed during frying was in the range of 130 o C to 175 o C. This temperature is comparable with the temperature (140 o C-180 o C) for preparing French fries reported by Rywotycki [16] . The temperature was recorded by a REED ST-883 high temperature infrared thermometer that can measure temperature in the range of -50 o C to 700 o C. The temperature range was recorded at three different times in a day.
However, it was found difficult to read the temperature in boiling oil which gives approximately 5-10% error. Depending on the quantity of food used for frying, the oil was discarded sometimes at the end of each day and sometimes once in two or three days.
Sodium hydroxide was used as catalyst in this experiment. The amount of catalyst had an impact in the conversion of esters during the transesterification process. The titration was carried out in order to determine the optimum amount of catalyst concentration of for efficient transesterification. The titration result showed that for the particular waste cooking oil, the optimum catalyst concentration was 0.08 % by weight. The reaction was carried out using 0.4%, 0.6%, 0.8%, 1.0% and 1.2% of catalyst concentration.
The oil sample was heated in a beaker to 110 o C to evaporate the water. The oil was filtered using a cloth (75 microns) to separate any particles. In order to determine the amount of catalyst needed for transesterification, titration was carried out using a standard NaOH solution (0.1%) because sodium hydroxide was used as the catalyst in this process. From the titration, the total amount of catalyst per liter of waste cooking oil was determined to be 8 grams of NaOH per liter of waste cooking oil. This amount was confirmed to be correct by actual experiment. The transesterification reaction was carried out using 100% technical grade ethyl alcohol. The alcohol used was 280 mL per liter of waste cooking oil. First the alcohol and catalyst mixture and oil were heated separately to 50 o C. Then both were poured into the reactor vessel in which the reaction was to be carried out. Transesterification was carried out using a heating plate and a magnetic stirrer. The reaction temperature used was 60 o C. The average reaction time observed was 20 minutes. This was determined by taking samples after every 5, 10, 15, 20 and 25 minutes. After heating at 60 o C for 20 minutes, the mixture was cooled in air for about 24 hours at room temperature (24 o C) to settle the glycerin phase and biodiesel phase by gravity. Most of the excess alcohol and catalyst were contained in the glycerin phase. The biodiesel samples (ethyl esters) were collected and stored in a refrigerator for further analysis in a GC. Lipid composition was determined using thin-layer chromatography with FID on the IATROSCAN TH-10 Analyzer MKIII. Each biodiesel sample was dissolved in chloroform and applied to a chromatod. The chromarods were then developed in a tank containing a 48:48:4:1 hexane-petroleum ether-diethyl ether-formic acid solvent system for 25 minutes. After developing they were oven dried and then scanned until just after the phospholipid peaks, lipids were identified by comparison of retention times to that of pure standards. Data were analyzed with Peak Simple Chromatography software. The percent area, uncorrected for differential response of lipids, was used to calculate the lipid content as weight percent of total.
In order to prepare the sample for GC analysis, the ethyl esters were converted to fatty acid methyl esters (FAME) by acid catalyzed transesterification. The fatty acid ethyl ester sample was converted to FAME because the column available in GC was for FAME. After the analysis, a correction factor was applied to convert the FAME to ethyl ester. H 2 SO 4 in methanol (0.5 N) was used to produce FAME [29] . FAME were characterized using gas chromatography (GC) with flame ionization detection (FID) using a 50% cyanopropyl polysiloxane phase (Agilent Technologies, DB-23; 30 m x 0.25 mm ID). Helium was used as the carrier gas and the gas line was equipped with an oxygen scrubber. The following temperature program was employed: 153 o C for 2 min, held at 174 o C for 0.2 min after ramping at 2.3 o C min -1 and held at 220 o C for 3 min after ramping at 2.5 o C min -1 . FAME was reported as weight percent of total fatty acids (FA). Each FA was described using the shorthand nomenclature of A:Bn-X, where A represents the number of carbon atoms, B the number of double bonds and X the position of the double bond closest to the terminal methyl group.
Alkali catalyzed transesterification process was used for this work. The reaction was carried out on a single stage batch reactor ( Figure 5 ). The reactor used was a 500 ml glass beaker in a heating plate with magnetic stirrer for mixing. Figure 6 shows two phase of biodiesel ester and glycerin layer. The complete separation was achieved after 20 hours. Figure 7 shows the glycerin biodiesel separation by gravity method. The biodiesel was separated in another vessel for washing. It was washed using a separating funnel creating a fine mist of water from the top (Figure 8 ). The ethyl ester samples were sent to the Bently Tribology Services Inc., 1711 Orbit Way, Building 2, Minden, Nevada, USA for fuel characterization. The fuel properties were tested according to the ASTM Biodiesel Fuel Quality Assurance Standard Test standards.
